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Repressorliphage P2 is multifunctional; it acts as a transcriptional repressor of the Pc
promoter, as a transcriptional activator of the PLL promoter of satellite phage P4, and as a directionality factor
for site-speciﬁc recombination. The Cox proteins constitute a unique group of directionality factors since they
couple the developmental switch with the integration or excision of the phage genome. In this work, the DNA
binding characteristics of the Cox protein of WΦ, a P2-related phage, are compared with those of P2 Cox. P2
Cox has been shown to recognize a 9 bp sequence, repeated at least 6 times in different targets. In contrast to
P2 Cox, WΦ Cox binds with a strong afﬁnity to the early control region that contains an imperfect direct
repeat of 12 nucleotides. The removal of one of the repeats has drastic effects on the capacity of WΦ to bind
to the Pe-Pc region. Again in contrast to P2 Cox, WΦ Cox has a lower afﬁnity to attP compared to the Pe-Pc
region, and a repeat of 9 bp can be found that has 5 bp in common with the repeat in the Pe-Pc region. WΦ
Cox, however, is essential for excisive recombination in vitro. WΦ Cox, like P2 Cox, binds cooperatively with
integrase to attP. Both Cox proteins induce a strong bend in their DNA targets upon binding.
© 2008 Elsevier Inc. All rights reserved.Introduction
P2-like phages are common in nature. About 30% of the E. coli
strains of the ECOR collection (Ochman and Selander, 1984) contain
P2-like prophages, and P2-related phages are also present in other
enterobacteria (Nilsson et al., 2004; Nilsson and Haggård-Ljungquist,
2005). One of the common characteristics of the P2-like phages is the
organization of the transcriptional switch, which contains two face-
to-face promoters, Pe and Pc, and two repressors, the immunity
repressor C (CI in phage 186) and the lytic repressor Cox (Apl in phage
186). The two repressors recognize different operators (for a review
see Nilsson and Haggård-Ljungquist, 2005).
The Cox protein of the temperate coliphage P2 is multifunctional. It
acts as a transcriptional repressor of the Pc promoter, thereby
controlling the genes encoding the immunity repressor C and the
integrase (Saha et al., 1987). It also acts as a directionality factor during
site-speciﬁc recombination, inhibiting integrative recombination and
promoting excisive recombination by binding to the phage attach-
ment site, attP (Yu and Haggård-Ljungquist, 1993). In addition, itgård-Ljungquist).
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l rights reserved.mediates derepression of the unrelated defective satellite phage P4 by
activating the late P4 PLL promoter (Saha et al., 1989).
P2 cox is the ﬁrst gene of the early operon transcribed from the Pe
promoter, and it encodes a 91-amino acid (aa), slightly basic protein of
10.3 kDa (Haggård-Ljungquist et al., 1987). Its native form is a tetramer
that can self-associate into octamers (Eriksson and Haggård-Ljung-
quist, 2000). Genetic analysis indicates that the C-terminus is required
for dimerization and that dimerization is a requirement for DNA
binding (Eriksson and Haggård-Ljungquist, 2000). DNaseI footprint
analysis of P2 Cox binding to its DNA targets indicates that Cox binds
in a cooperative manner and protects a region of about 70 nucleotides
(nt) in the P2 Pe-Pc and attP regions, and approximately 90 nt in the
P4 PLL promoter region. In these protected regions a repeated
sequence of 9 nt (named cox-box) has been identiﬁed. In the Pe-Pc
and attP regions there are six potential cox-boxes, and eight are found
in the P4 PLL region. The degree of identity to the consensus cox-box,
TTAAAG/CNCA/C, varies between the cox-boxes and the direction of
the repeats also varies in the different targets (Fig. 1B) (Saha et al.,
1989; Yu and Haggård-Ljungquist, 1993).
WΦ is a P2-related but heteroimmune coliphage that integrates
into a different location compared to P2 (Liu and Haggård-Ljungquist,
1999). The Cox proteins of WΦ and P2 are 90 and 91 aa, respectively,
with 35 common aa and their predicted secondary structures are
identical (JPRED; Cuff and Barton, 2000) (Fig. 1A). The predictions
indicate that the Cox proteins contain anα helix-turn-α helix near the
N-terminus followed by a β-sheet, indicating that they might utilize
Fig. 1. (A) Sequences of the Cox proteins, and the predicted structures according to JPRED. Identical amino acids are shaded. (B) P2 Cox binding sites in the Pe-Pc, attP and P4 PLL
regions. Cox-boxes are shaded, their orientation and identity to the consensus sequence are shown above the sequence. The Pc promoter is indicated by the underlined −10 and −35
regions and the transcriptional start site by a bent arrow. (C) The DNA sequences in the WΦ Pc region protected in the DNaseI footprint by WΦ Cox and the equivalent region in attP
are shown. The presumed WΦ Cox recognition sites are shaded, and the direction of the arrows indicates the direction of the repeated sequences. A bent arrow indicates the
transcriptional start site of WΦ Pc. The consensus sequence of the repeats is shaded.
Fig. 2. DNaseI footprints of the WΦ Cox protein to the WΦ Pe-Pc region. The
approximate location of the Pe and Pc promoters, the Pc transcriptional start site and
the two direct repeats (DR) are indicated. Lane 1: Size markers. Lane 2: Bottom strand in
the absence of Cox. Lanes 3–5: Bottom strand in the presence of 7, 9 and 12 pmol Cox.
Lane 6: Top strand in the absence of Cox. Lanes 7–8: Top strand in the presence of 7 and
9 pmol Cox. Samples were all run on the same gel.
304 A. Ahlgren-Berg et al. / Virology 385 (2009) 303–312the winged-helix motif to recognize their DNA targets (Ilangovan et
al., 1999; Sam et al., 2004; ElAntak et al., 2005). The WΦ Cox protein
cannot functionally replace P2 Cox as an excisionase or as a repressor
of the P2 Pc promoter. WΦ Cox is also unable to activate the PLL
promoter of satellite phage P4 and activate a P4 lysogen, indicating
that they recognize different DNA sequences (Liu and Haggård-
Ljungquist, 1999). Accordingly, P2 cox-boxes are not found in the WΦ
Pe-Pc or attP regions. Instead a direct repeat of 12 nt is found in the
WΦ Pe-Pc region with a core of 4 nt that is also present in a direct
repeat of 9 nt in the attP region (Fig. 1C). Whether these repeats
constitute the WΦ Cox binding sites has not been shown.
The Cox proteins constitute a unique group of directionality factors
(Lewis and Hatfull, 2001). They link the control of the transcriptional
switch that determines lytic growth versus lysogeny with control of
integration versus excision.We therefore found it interesting to characte-
rize and compare the functions of the Cox proteins of P2 and WΦ.
Results
WΦ Cox binds and protects a region of about 60 nt in the Pe-Pc region
In a DNaseI footprint assay, P2 Cox covers a region of about 70 nt
which contains several repeats, denoted cox-boxes, located in
different orientations in different targets (Fig. 1) (Saha et al., 1989;
Yu and Haggård-Ljungquist, 1993). In the Pe-Pc region of WΦ, an
imperfect direct repeat of 12 nt with one mismatch has been noted
(Liu and Haggård-Ljungquist, 1999). A similar direct repeat is found in
the right arm of attP, which is expected to contain Cox binding sites in
analogy to P2 attP. These direct repeats might constitute parts of the
WΦ Cox recognition sequence with a central invariant AGAA core
(Fig. 1). To test this, DNaseI footprint assays of the top and bottomstrands of the Pe-Pc region were performed with puriﬁed WΦ Cox
protein. As shown in Fig. 2, about 60 nt from the Pe-Pc region is
protected. The exact boundaries of the protected regions cannot be
determined, but protection clearly covers the direct repeats in the Pe-
Fig. 3. EMSA of WΦ Cox binding to the wild type Pe-Pc region and to the mutated Pe-Pc
region where the right direct repeat was changed from CCTAGAAGGGAC to
TTCGAGGAAAGT. Increasing amounts of Cox: 1.6, 3.1, 6.3, 12.5, 25, 50, 100 and
200 pmol were added to the labeled DNA.
Fig. 4. EMSA of WΦ Cox binding to the Pe-Pc region and attP. (A) Increasing amounts of puriﬁ
(B) Binding ofWΦ Cox and Int to attP. Lanes 2–6 contain increasing amounts of Int only: 0.4, 0
of Int: 0, 0.4, 0.6, 0.8 and 1 pmol, respectively. Lanes 11–15 are as lanes 6–10 but the amount o
amounts of Cox: 6.3, 12.5, 25 and 50 pmol, respectively. (C) Binding of WΦ Cox and IHF to at
12.5 and 50 pmol respectively. Lanes 11–17, 18–23, 24–29, and 30–35 contain increasing amo
addition to Cox, 0.0075 pmol IHF, and lanes 30–35 0.075 pmol IHF. Ub denotes unbound DN
305A. Ahlgren-Berg et al. / Virology 385 (2009) 303–312Pc region, including the Pc transcriptional start site but not the −10
and −35 region of WΦ Pc (Liu and Haggård-Ljungquist, 1999). Thus,
the location of the binding site differs from that of P2 Cox; the latter
covers the −10 and −35 regions of Pc and the Pc transcriptional start
site (Ahlgren-Berg et al., 2007).WΦ Cox seems to bind in a cooperative
manner, since the whole region becomes protected after only a slight
increase in protein concentration.
Removal of one of the direct repeats in WΦ Pe-Pc region leads to a
drastic reduction in Cox binding
To conﬁrm that the 12 bp repeat constitutes the WΦ Cox binding
site, every base in the right repeat was changed by site-directed
mutagenesis, substituting each purine with the other purine and each
pyrimidine with the other pyrimidine. The fragment containing the
substituted repeat region was analyzed by an electromobility shift
assay (EMSA) using a partially puriﬁed Cox protein, and compared to aedWΦ Cox: 1.6, 3.1, 6.3, 12.5, 25, 50, 100 and 200 pmol were added to the labeled DNA.
.6, 0.8 and 1 pmol, respectively. Lanes 6–10 contain 25 pmol Cox and increasing amounts
f Cox was 12.5 pmol. Lanes 16–19 have a constant amount of Int, 0.8 pmol, and increasing
tP, attL and attR. Lanes 2–5 and 7–10 contain increasing amounts of IHF: 1.56, 3.12, 6.25,
unts of Cox: 0, 1.56, 3.12, 6.25, 12.5, 25 and 50 pmol respectively. Lanes 24–29 contain, in
A.
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Cox protein is required to shift the same amount of the mutated DNA
target compared to the wild type target (Fig. 3A).
WΦ Cox has different binding afﬁnities to the different DNA targets, Pe-Pc
and attP
P2 Cox seems to have the same binding afﬁnities for its different
targets, the Pe-Pc region, attP and P4 PLL. This can be seen in the
circular permutation assays below, where the same concentrations of
protein and DNA are used. WΦ Cox, however, has a lower afﬁnity for
the WΦ attP region compared to theWΦ Pe-Pc region (Fig. 4A). In the
EMSA assay using attP as a substrate, about 5 times more Cox protein
is required to shift the same molar amount of attP DNA, compared to
Pe-Pc DNA. With increasing concentrations of Cox, slower migrating
bands appear consistent with the increased protected regions seen by
footprinting the Pe region. To clarify whether the direct repeats in attP
constitute the Cox binding sites, the central nucleotides AGAA that are
also present in the direct repeats in the Pe-Pc region, were changed to
CTCC in the left repeat or in both repeats, and the binding afﬁnity of
WΦ Cox was determined by an EMSA. However, no signiﬁcant change
was observed (data not shown), thus the binding sites of Cox in attP
remains to be clariﬁed.
The low afﬁnity of WΦ Cox to attP might be compensated by
strong cooperative binding with integrase. Thus, the binding of Cox to
attP in the presence of Int was investigated (Fig. 4B). As previously
found for P2 (Frumerie et al., 2005b), WΦ integrase alone leads to the
formation of large protein–DNA complexes (III) that are unable to
enter the gel, most likely due to formation of intermolecular networks
by the bifunctional DNA binding of Int (Fig. 4B, lanes 2–5). The
addition of increasing concentrations of Int at constant Cox leads to
the generation of a new band II before the large complex III is formed.
Band II should constitute the complex generated by Int and Cox (Fig.
4B, lanes 7–10 and 12–15); at constant Int and an increased amount of
Cox the same new band II appears. Estimating the radioactivity in the
respective bands show that at an Int concentration that shifts about 3%
into complex III in the absence of Cox (Fig. 4B, lane 2), about 39%
shifted into complex II in the presence of Cox (lane 7), indicating
cooperative binding between Int and Cox. Attempts to demonstrate an
in vitro interaction between an N-terminal GST-tagged Cox and wild
type Int protein using afﬁnity chromatography did not reveal any
signiﬁcant interaction (data not shown).
The architectural protein IHF is known to be required for P2 site-
speciﬁc recombination, but in contrast to λ, only one IHF binding siteFig. 5. In vitro excisive recombination. (A) Phosphorimage of separated products after recom
plasmid containing attR. The presence or absence of puriﬁed proteins is indicated below th
contain increasing amount of Cox, 6.3, 12.5, 25, and 50 pmol respectively. The amount of
electrophoresis of the PCR products obtained after recombination between a linear attL fra
region. Concentrations of Int, IHF and Cox are as in lanes 7 and 8 in A.has been identiﬁed in attP, between the core region and the P-arm. To
explore the possibility that IHF interacts differently with WΦ attP,
compared to P2, binding of puriﬁed IHF to WΦ attP was analyzed by
EMSA. Unexpectedly, IHF gave three retarded bands, indicating three
IHF binding sites (Fig. 4C, lanes 2–5). An analysis of the sequence of the
attP region revealed three possible binding sites: two between the
core and the P-arm, and one between the core and the P′-arm. To
conﬁrm the binding site between the core and the P′-arm, an EMSA
was performed using WΦ attL as substrate, and as can be seen in
Fig. 4C (lanes 7–10), IHF binds efﬁciently to attL. P2 Cox has been
shown to inhibit integrative recombination and promote excisive
recombination, i.e. attP as well as attL are DNA targets for P2 Cox.
Therefore it was of interest both to analyze the afﬁnity of WΦ Cox to
attL and how IHF affects the binding of Cox to attL. The afﬁnity of Cox
for attL and attRwas compared: Cox was found to bind to attL (Fig. 4C,
lanes 19–23), but not to attR (lanes 12–17) at the concentrations used.
Increasing Cox concentrations leads to a shift of an attR containing
fragment (data not shown), probably a result of non-speciﬁc binding
of Cox to DNA. Since IHF and Cox both bind to attL, there is a possibility
that they bind cooperatively. Binding of Cox at constant IHF
concentration was therefore tested by EMSA. There was no indication
of a cooperative interaction between Cox and IHF, either at low (Fig.
4C, lanes 25–29) or higher IHF concentrations (lanes 31–35), and no
new band is generatedwith increasing amounts of Cox. In fact it seems
as if Cox may prevent IHF binding, since the fragment corresponding
to IHF binding (I) disappears with an increasing Cox concentration,
and only the band corresponding to Cox binding is detected (II).
WΦ Cox is required for in vitro excisive recombination
SinceWΦ Cox only binds weakly to the attP substrate compared to
the Pe-Pc substrate, and integrase does not strongly enhance Cox
binding to attP, the question arises whether Cox functions as an
accessory factor for excisive recombination in phage WΦ. To address
this question an excisive recombination assay was performed, where a
labeled linear DNA fragment containing attL and a supercoiled
plasmid containing attR were incubated with puriﬁed Int, IHF and
Cox. No recombination was detected in the absence of Cox, but in its
presence a band corresponding to the integration of the plasmid into
the linear fragment is found (Fig. 5A). To verify that excisive
recombination reconstituted the attP sequence, an unlabeled excisive
recombination experiment was performed, and primers located on
either side of attP were used for detection of attP. A PCR fragment of
the expected size, i.e. 766 nt is obtained only in the presence of Int, IHFbination between a labeled linear DNA fragment containing WΦ attL and a supercoiled
e image. The amount of Int in the reaction was 10 pmol and IHF 12.5 pmol. Lanes 5–8
Cox in lanes 3 and 4 was 6.3 pmol. (B) Ethidium bromide-stained agarose gel after
gment and a plasmid containing attR, using primers located on either side of the attP
307A. Ahlgren-Berg et al. / Virology 385 (2009) 303–312and Cox (Fig. 5B). The generation of attPwas conﬁrmed by sequencing
the PCR fragment.
Cox binding induces a large bend in the DNA target
Like Xis, the Cox proteins probably have a structural role in the
formation of the excisive complex. Thus it seems plausible that they
bend DNA, thereby promoting binding of Int to the core and P′-arm in
attL. In P2, the Cox-binding region overlaps with the Pc promoter,
while in WΦ it is located downstream of the Pc transcript initiation.
Thus, DNA bendingmight also be important forWΦ Cox to control the
Pc promoter. To investigate if binding of Cox affects the DNA topology,
we performed circular permutation assays (Wu and Crothers, 1984),
using the pBR322 derivative pBend2 (Kim et al., 1989). This vector
contains a direct repeat polylinker sequence separated by a unique
cloning site. DNA from the P2 Pe-Pc region, including the six cox-
boxes, was cloned into the pBend2 plasmid, generating pEE742. The
region containing the cox-boxes and the restriction sites from the
pBend2 plasmid was ampliﬁed by PCR and cleaved with restriction
enzymes to generate fragments identical in size but with the cox-
boxes at different positions from the ends of the fragments.
The fragmentswere end-labeled, incubatedwith the Cox protein, and
analyzed by non-denaturing PAGE. The protein-bound fragments were
found to migrate differently, depending on the location of the cox-boxes.
Fragments with the cox-boxes located near their ends migrated faster
than when the cox-boxes were more centrally located (Fig. 6A). The
bending center was estimated to be located between cox-box 3 and 4 by
plotting the relative gelmobilityagainst the locationof the cox-boxes (Fig.Fig. 6. Circular permutation assays of P2 Cox DNA targets. (A) P2 Pc as DNA target. 0.11 pmol c
(B) P2 attP as DNA target. 0.11 pmol cleaved PCR product generated from pEE743 was incub
product generated from pEE744 was incubated with 2.1 pmol P2 Cox protein. Samples wer
restriction enzymes as indicated. The relative mobilities of the DNA–Cox complexes are pl
estimated by extrapolating the curve. The location of the cox-boxes in the vector insert and th
E = EcoRV, Sm = SmaI, St = StuI).6A); the bending angle induced by Cox was calculated to be approxi-
mately 125°. To investigate whether the Cox protein bends its other DNA
targets, cox-boxes from the P2 attP and the P4 PLL regions were cloned
into pBend2 and assayed as above. P2 Cox bends all three targetswith the
same estimated bending angle of approximately 125° and the bending
centerswere situated between cox-box 3 and 4 forattP and between cox-
box 4 and 5 for P4 PLL (Figs. 6B and C). To exclude the possibility that the
detected bendwas due to intrinsic curvature, substrateswere analyzed in
the absence of Cox and no bend was detected (data not shown).
To compare the DNA-bending capacity of P2 andWΦ Cox, the WΦ
Pe-Pc region, containing the Cox binding sites, was also cloned into the
pBend2 vector, and the mobility of the restriction fragments was
analyzed in the presence of puriﬁed WΦ Cox. Different mobilities are
seen, depending on the location of the DNA-binding region (Fig. 7).
The bending angle was estimated to be at least 150°, with a bending
center located between the half-sites of the direct repeat.
Four P2 cox-boxes are not enough for DNA bending with P2 Cox
The three P2 DNA targets examined in this work contain at least six
cox-boxes. To investigate if this is crucial for the ability of Cox to bend
its target DNA, three cox-boxes from the P2 Pe-Pc region (pEE745) and
four cox-boxes from the P2 attP region (pEE746) were cloned into
pBend2. Circular permutation assays showed that the protein-bound,
circularly permutated fragments did not migrate differently, suggest-
ing that P2 Cox does not bend DNA when bound to only three or four
cox-boxes (Figs. 8A, B). This could be due either to the number of cox-
boxes or something crucial for Cox induced bending in the missingleaved PCR product generated from pEE742 was incubated with 2.1 pmol P2 Cox protein.
ated with 2.1 pmol P2 Cox protein. (C) P4 PLL as DNA target. 0.11 pmol of cleaved PCR
e run on a 5% non-denaturing polyacrylamide gel. DNA fragments were generated by
otted against the location of the cox-boxes in the fragments. The bending center was
e location of restriction sites used are indicated at the bottom (B = BglII, C = ClaI, X = XhoI,
Fig. 7. Circular permutation assays with WΦ Pc. (A) 0.03 pmol of cleaved PCR product
generated from plasmid pEE926 was incubated with 1.5 pmol Cox and run on a 5% non-
denaturing polyacrylamide gel. The DNA fragments used were generated by restriction
enzymes as indicated. (B) The relative mobilities of DNA–Cox complexes are plotted
against the location of the cox-boxes within the fragment. The bending center was
estimated by extrapolating the curve. The cox-boxes are drawn below the X axis to
indicate where the bending center is situated. (C) The location of the cox-boxes in the
vector insert and the location of the restriction sites used are indicated at the bottom
(M = MluI, C = ClaI, X = XhoI, E = EcoRV, Sm = SmaI, St = StuI, B = BamHI).
Fig. 8. Results from circular permutation assays with synthetic P2 Cox DNA-targets.
0.11 pmol of cleaved DNA-substrates were incubated with 2.1 pmol P2 Cox protein and
run on a 5% non-denaturing polyacrylamide gel. The relative mobilities of the DNA–Cox
complexes were plotted against the location of the cox-boxes within the fragment. (A)
Circular permutation assay with pEE745. (B) Circular permutation assay with pEE746.
(C) Circular permutation assay with pEE747. (D) Circular permutation assay with
pEE748.
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repeat of the three most conserved cox-boxes from the Pe-Pc region,
thereby producing a synthetic Cox substrate with six directly repeated
cox-boxes (pEE747). Cox bends this DNA in a similar manner to the six
wild type Pe-Pc cox-boxes (Fig. 8C). Thus at least ﬁve cox-boxes are
needed for Cox-mediated DNA-bending but no special feature or
arrangement of cox-boxes is necessary.
P2 vir24 is a virulent deletion mutant, unable to grow on Cox
producing strains. Spontaneous mutants no longer sensitive to
repression by Cox have been isolated (Cores de Vries et al., 1991).
One of them, called cor6, has been assumed to abolish Cox binding
since it has a point mutation in cox-box 3 that, due to the vir24
deletion, overlaps the −10 region of the Pe promoter. This mutation
was introduced into pEE742, resulting in pEE748. This substrate was
analyzed in the circular permutation assay, where it failed to prevent
Cox binding and bending (Fig. 8D). Thus the cor6mutation in cox-box
3 does not abolish binding of Cox in vitro; how cor6 abolishes
repression by Cox in vivo remains to be clariﬁed.
Discussion
Bacteriophage λ is the most well characterized phage system, both
when it comes to the control of lytic versus lysogenic growth and site-
speciﬁc recombination, leading to integration of the phage genome
into the chromosome (for reviews see Oppenheim et al., 2005; Azaro
and Landy, 2002).The transcriptional, or developmental switch that controls the
growth cycles of phage λ differs in many respects from that of the P2-
like phages. In phage λ there are two back-to-back promoters
controlling expression of the immunity repressor CI and the Cro
repressor, respectively. The CI and Cro repressors recognize the same
operators, located between the two promoters, albeit with different
afﬁnities. In P2-like phages, the two promoters are convergent. The
operators of the C/CI immunity repressors and the Cox/Apl repressors
differ in both sequence and location. The P2-like phages can be
309A. Ahlgren-Berg et al. / Virology 385 (2009) 303–312divided into two types, based on the control of expression of the
immunity repressor: the simple P2 type and the more complex 186
type (Nilsson and Haggård-Ljungquist, 2005). In the P2 type, the
immunity repressor C is expressed from the same promoter for both
establishment and maintenance of lysogeny, and no gene equivalent
to λ or 186 cII has been identiﬁed. Furthermore, the immunity
repressor C binds to only one operator region and the long distance
effects on CI expression observed in λ and 186 are therefore not
expected (Dodd and Egan, 2002; Dodd et al., 2004).
In P2-like phages, transcriptional control of growth cycles and
integration into the host chromosome are coupled because the P2 Cox
and 186 Apl repressors also function as directionality factors; i.e. they
have the functions of both λ Cro and Xis in one protein (Reed et al.,
1997; Yu and Haggård-Ljungquist, 1993). P2 andWΦ have very similar
structural genes but different immunities and host attachment sites.
The intragenic transcriptional control region containing the C and Cox
operators differ to such an extent that they cannot be aligned but the
regulation of WΦ C and Cox expression is of the simple P2 type.
P2 Cox is known to bind about 70 nt in the P2 Pe-Pc and P2 attP
regions and 90 nt in P4 PLL; at least six Cox recognition sequences,
located in various orientations have been identiﬁed in each target
(Saha et al., 1989; Yu and Haggård-Ljungquist, 1993). In the Pe-Pc
region there are six more or less conserved Cox recognition sequences
that cover the whole Pc region, including the transcriptional start site.
In this work, we have shown that WΦ Cox covers a region of about 60
nt in the Pe-Pc region and, as identiﬁed by Liu and Haggård-Ljungquist
(1999), there are two direct repeats of 12 nt in the region that is
protected in a DNaseI footprint assay. The repeats have a center-to-
center distance of 20 nt and should therefore be presented on the same
side of the helix. The removal of one of the repeats leads to an extensive
reduction in binding of WΦ to its target, supporting a cooperative
bindingmode to the repeats. The footprint extends downstream of the
−10 region of Pc, including the transcriptional start site, and Cox may
repress transcription fromPcduring lytic growth, as P2 Cox is known to
do (Saha et al., 1987). The footprint obtained withWΦ Cox can only be
seen in a small window of protein concentration and the DNA is
completely covered (including Pe) by a small increase in Cox
concentration, indicating cooperative binding to non-speciﬁc nucleo-
tide sequences and possibly forming a ﬁlament. By extended DNA-
binding, WΦ Cox could switch off both Pe and Pc. P2 Cox is known to
autoregulate Pe (Saha et al., 1987), which might be an important
function. In λ, shutting down the early lytic promoter has been
considered the most important task for Cro, the equivalent to Cox in
this function, during prophage induction (Svenningsen et al., 2005).
However, Cro has recently also been shown to play an important role in
the transition from lysogeny to lytic development (Schubert et al.,
2007). The early operon of P2, transcribed from Pe, contains several
open reading frames that are known to be lethal to the host bacterium
and it could therefore be of importance to reduce transcription fromPe
as early as possible (Saha et al., 1987; Liu et al., 1993).
The general organization of P2 site-speciﬁc recombination is
similar to that of λ, where Int-promoted recombination occurs
between a complex attP site on the phage and a simple attB site on
the bacterial chromosome, generating the host-phage junctions attL
and attR (Azaro and Landy, 2002). The integrative recombination
requires the host architectural factor IHF, and excision requires in
addition a phage encoded directionality factor, denoted Xis in λ.
There are some noteworthy differences between the protein binding
sites in the attP region between P2 and λ. λ has three IHF binding
sites in attP, two, separated by two Xis binding sites, to the left of the
core sequence where recombination takes place, and one on the
right. In P2 attP there is only one IHF binding site located on one side
of the core region and six Cox binding sites on the other (Yu and
Haggård-Ljungquist, 1993). In this work, a direct repeat of 9 nt was
found in WΦ attP that differs from the Cox binding sites in the Pc
region, but the central AGAA bases of this repeat are also present inthe repeat located in Pc. The attP repeats have a center-to-center
distance of 16 nt, and should therefore not be on the same face of the
DNA helix, unlike the repeats in the Pc region. WΦ Cox has a ﬁve-fold
weaker binding to attP relative to Pe-Pc; in contrast, P2 Cox binds
with equal efﬁciency to both targets. Furthermore, mutating the
central AGAA bases to CTCC in the repeats in attP has no signiﬁcant
effect of Cox binding, thus other bases in attLmust be involved in Cox
binding. P2 integrase has been shown to bind cooperatively with Cox
to attP (Frumerie et al., 2005b) and a cooperative binding of WΦ Cox
and Int to attP was detected in this work, but no signiﬁcant
interaction between WΦ Cox and Int proteins in the absence of
DNA could be shown in vitro. The weaker binding of WΦ Cox to attP,
compared to the Pe-Pc region, may be caused either by sub-optimal
spacing or a poor recognition sequence, or a combination. However,
in contrast to P2, WΦ has three potential IHF binding sites, one
located between the core and the Cox binding site with a good match
(TATCAATCACTTA) to the IHF consensus sequence WATCAAnnnnTTR
(Friedman, 1988). It is therefore possible that the IHF-induced bend
in the DNA allows Cox to bind to the displaced repeats. However, our
EMSAs indicate no cooperative binding of Cox and IHF; on the
contrary, it seems as if Cox binding to the linear attL fragment
prevents binding of IHF.
The Xis proteins of P22 and L5 have been suggested to bind to four
direct repeats, while the Xis proteins of λ and HP1 bind to two direct
repeats (Esposito et al., 2001; Lewis and Hatfull, 2003; Sam et al.,
2004; Mattis et al., 2008). In the case of λ Xis, the crystal structure of
the Xis–DNA complex shows that three Xis monomers bind DNA in a
head-to-tail orientation where the central monomer binds non-
speciﬁcally between two binding sites, thus forming a microﬁlament
(Abbani et al., 2007). In WΦ attP, the distance between the Cox
binding sites is probably not long enough to allow a similar
arrangement, and the binding sites are not on the same face of the
DNA helix. Clearly the interaction between WΦ Cox and attL needs
further analysis before its role in excision is understood.
Footprint analysis of P2 Cox bound to attP revealed an enhanced
DNaseI cleavage every 10 basepairs (Yu and Haggård-Ljungquist,
1993). This pattern has been suggested to indicate DNA wrapping
around a protein (Liu and Wang, 1978). In this work we show that at
least ﬁve cox-boxes are needed for P2 Cox-induced bending, and that
P2 Cox neither shows speciﬁc binding nor bending to a substrate
containing only four cox-boxes. Bending of the DNA is probably
important both for the architecture of the excisive intasome complex
and for repression of Pc. P2 Cox binds the Pc promoter, possibly
sterically hindering RNA polymerase (RNAP). WΦ Cox does not cover
the −10 or −35 regions of Pc, but does occlude the transcriptional
start site, which may present a steric barrier for RNAP or may distort
the promoter DNA by bending. Either process could repress Pc. No
special feature or arrangement of the P2 cox-boxes is needed for Cox
to bend DNA, which might seem surprising. However, similar
ﬁndings were described by Pérez-Lago et al. (2005) where
differences in DNA sequence did not grossly affect bending induced
byΦ29 p4 protein and that curvature is induced whenever p4 is able
to bind its target.
Materials and methods
Chemicals and enzymes
Media were from Difco, antibiotics from Sigma, and acrylamide
from BioRad Laboratories. Enzymes were purchased from GE
Healthcare or Fermentas Life Sciences except for Vent polymerase
(New England Biolabs). Radioactive isotopes and automatic sequen-
cing kit were from GE Healthcare for sequencing on an AlfExpress.
Sequencing was also performed by Macrogene Inc. (Korea) or MWG
Biotech Inc. (Germany). All other ﬁne chemicals were purchased from
Sigma, unless otherwise stated.
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Bacterial strains and plasmids used are listed in Table 1.Table 1
Bacterial strains and plasmids used
Bacterial strains
and plasmids
Pertinent features Origin or reference
Strains
C1-a F′-prototrophic E. coli strain Sasaki and Bertani, 1965
DH5α endA1 hsdR17(rk−mk+)glnV44
thi-1 recA1 gyrA (Nalr)
relA1 Δ(lacIZYA-argF)U169
deoR (Φ80dlacΔ(lacZ)M15)
Woodcock et al., 1989
BL21(DE3) ompT hsdR hsdM lon
E. coli strain, T7 RNA
polymerase under the control
of lacUV5 promoter
Studier and Moffat, 1986
C-1920 C-1a lysogenized with WΦ Liu and Haggård-Ljungquist,
1999
Plasmids
pBend2 pBR322 derivative containing
tandemly repeated restriction
enzyme cleavage cassetts
Kim et al., 1989.
pEE720 pET8c derivative with the P2
cox gene under control of the
T7 promoter
Eriksson and Haggård-
Ljungquist, 2000
pEE742 P2 Pc region in pBend2 This work
pEE743 P2 attP region in pBend2 This work
pEE744 P4 PLL region in pBend2 This work
pEE745 Three cox-boxes from the P2
Pc region in pBend2
This work
pEE746 Four cox-boxes from the P2
attP region in pBend2
This work
pEE747 Six cox-boxes from the P2 Pc
region in pBend2
This work
pEE748 P2 Pc region in pBend2
containing the cor6 mutation
This work
pEE901 pET8c derivative with the WΦ
cox gene under control of the
T7 promoter
Liu and Haggård-Ljungquist,
1999
pEE905 pKK232-8 derivative with WΦ
C-Pe-Pc region inserted into
SmaI site; Pe directs the cat gene
Liu and Haggård-Ljungquist,
1999
pEE906 pKK232-8 derivative with WΦ
C-Pe-Pc region
Liu and Haggård-Ljungquist,
1999
pEE926 pBend-2 derivative with the WΦ
Pe-Pc region cloned into the XbaI
site of the vector
This work
pEE927 pUC18 derivative with the WΦ
Pe-Pc region cloned into the XbaI
site of the vector
This work
pEE928 pET8c derivative with the WΦ
attP region cloned into the NcoI
site of the vector
This work
pEE943 pUC18 derivative with the attR
site of WΦ was inserted between
the HindII and PstI
This work
pEE944 pET8c derivative containing the
WΦ int gene under the control
of the T7 promoter
This work
pEE945 pEE927 derivative, where the
right direct repeat is mutated.
This work
pEE946 pEE928 derivative where AGAA
of the left 9 nt repeat is changed
to CTCC
This work
pEE947 pEE946 derivative where the right
9 nt repeat is changed to CTCC
This work
pET8c Cloning vector containing the
T7 promoter
Studier et al., 1990
pLysS Plasmid expressing a low level
of T7 lysozyme, p15A replicon
Studier et al., 1990
pUC18 Ampicillin resistant pBR 322
derivative containing the lacZ
gene of E. coli
Yanisch-Perron et al., 1985All plasmid constructions were made according to standard
procedures (Sambrook et al., 1989) and sequenced to conﬁrm the
orientation of the inserts and to exclude possible PCR induced
mutations. E. coli C-1a or DH5α were used as primary recipients for
all cloning procedures, unless otherwise stated. Oligonucleotides were
purchased from DNA Technology (Denmark) or ThermoFisher (Ger-
many), their sequences are shown in Supplementary Table 1.
pEE742
The P2 Pc DNA region containing the six cox-boxes was ampliﬁed
by PCR using primers 77.1R and 77.4L-cb and ligated into the XbaI site
of pBend2 (Kim et al., 1989).
pEE743
The DNA region containing the six cox-boxes in the P2 attP region
was ampliﬁed by PCR using primers 72.2R-1 and 72.5L and cloned into
the XbaI site of pBend2.
pEE744
The P4 PLL region containing eight cox-boxes was ampliﬁed by PCR
using primers PLL-2 and PLL-4 and ligated into the XbaI site of pBend2.
pEE745
Cox-box 2, 3 and 4 from the P2 Pc region in pBend2. Oligonucleo-
tides coxbox-T and coxbox-B were mixed in equal molar ratio and
annealed at 94 °C for 1 min., 65 °C for 5 min., followed by 37 °C for
10 min. The fragment was then cloned into the XbaI site of pBend2.
pEE746
Cox-box 1, 2, 3, and 4 from the P2 attP regionwas ampliﬁed by PCR
using primers 72.2R-1 and 72.4L, and cloned into the XbaI site of
pBend2.
pEE747
As pEE745, but contains two direct inserts of the hybridized
oligonucleotides in the XbaI site resulting in 6 cox-boxes.
pEE748
A point mutation in cox-box 3 (cor6 mutation) was introduced in
pEE742 by site-directed mutagenesis using the QuickChange site-
directed mutagenesis kit (Stratagene) and primers cor6-R and cor6-L.
pEE926
The DNA region containing the 12 nt direct repeat in theWΦ Pe-Pc
region was ampliﬁed from plasmid pEE906 containing the WΦ C-Pe-
Pc region (Liu and Haggård-Ljungquist, 1999) using primers WΦ-8R
XbaI and WΦ-9L XbaI. The pBend2 vector and the PCR product were
cleaved with XbaI and ligated.
pEE927
The DNA region containing the 12 nt direct repeat in theWΦ Pe-Pc
region was ampliﬁed from plasmid pEE906 containing the WΦ C-Pe-
Pc region (Liu and Haggård-Ljungquist, 1999) using primers WΦ-8R
XbaI and WΦ-9L XbaI. The pUC18 vector and the PCR product were
cleaved with XbaI and ligated.
pEE928
TheWΦattP regionwas ampliﬁed fromphageWΦDNAusing primers
WΦ-12R and WΦ-12L and inserted at the ﬁlled-in NcoI site of pET8c.
pEE943
The attR site of WΦ was ampliﬁed by PCR using primers K12coreR
Hind, located in the host chromosome and WΦ12R Pst, located in the
WΦ cox gene and DNA isolated from the WΦ lysogenic strain C-1920
as substrate. The ampliﬁed fragment was cleavedwith HindIII and PstI
and inserted between the HindII and PstI sites of pUC18.
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WΦ int was ampliﬁed by PCR using primers WΦ-Int-CtermR and
WΦ-Int-2,3NtermL, and inserted into the ﬁlled in NcoI site of pET8c. In
this way, the initiation codon of the plasmid is fused to amino acid 4 of
the WΦ integrase. By removing amino acids two and three, the
integrase is not translationally autoregulated, and high concentrations
can be obtained after induction (Frumerie et al., 2005a).
pEE945
Each purine was exchanged by the other purine, and each
pyrimidine was exchanged by the other pyrimidine in the right direct
repeat, located closest to Pc, using site-directed mutagenesis (Strata-
gene) in plasmid pEE905 (see legend to Fig. 3). The mutations were
inserted in a two-step process, using primers coxbox2mut and
coxbox2mut-bot in the ﬁrst step and coxbox2m1 and coxbox2m1-
bot in the second step.
pEE946
The central AGAA sequence in the left 9 nt repeat of WΦ attP was
changed to CTCC by site-directed mutagenesis in plasmid pEE928
using primers WΦ-attPcoxmut1 top and WΦ-attPcoxmut1 bot.
pEE947
The central AGAA sequence in the right 9 nt repeat of WΦ attPwas
changed to CTCC by site-directed mutagenesis in plasmid pEE946
using primers WΦ-attPcoxmut2 top and WΦ-attPcoxmut2 bot.
Protein puriﬁcation
Cox puriﬁcations: P2 Cox was puriﬁed according to procedures
described previously (Eriksson and Haggård-Ljungquist, 2000). WΦ
Cox was puriﬁed from E. coli BL21(DE3)pLysS containing plasmid
pEE901 using the same protocol as for P2 Cox with the exception that
ammonium sulphatewas added to 35% saturation. It was concentrated
using a Biomax-5 centrifugal ﬁlter device from Millipore. The
estimated purity of Cox proteins varied between 70 and 90% in
different preparations.
WΦ Int puriﬁcation: E. coli BL21(DE3)pLysS cells containing
pEE944 were grown in LB and induced with 1 mM isopropyl β-D-
thiogalactoside (IPTG) at an OD600 of 0.8 and incubated at 30 °C for
4.5 h. Cells were harvested by centrifugation at 4 000 rpm for 20 min
using a Sorvall GS-3 rotor and resuspended in 0.01 M sodium
phosphate buffer pH 7.0 (NaP buffer). Cells were lysed by sonication
and the lysate was centrifuged at 12 000 rpm using a Sorvall SS-34
rotor for 20 min. The protein was precipitated at 50% ammonium
sulphate (pH adjusted to 7.0) and collected by centrifugation at
10000 rpm for 15 min. The pellet was dissolved in NaP buffer, ﬁltered
through a 0.45 μm ﬁlter and puriﬁed on a HiTrap Heparin column (GE
Healthcare), followed by a Sephacryl S-200 column (GE Healthcare)
equilibrated with buffer A+(0.3 M potassium phosphate buffer pH 7.5,
3 mM EDTA and 0.5 M KCl). The protein was concentrated using a
Millipore UFV 2BCC40 5K NMWL15 ml ﬁlter unit (Millipore) and
glycerol was added to a ﬁnal concentration of 40%. The protein was at
least 95% pure as judged by SDS-PAGE.
IHF puriﬁcation: His-IHF was puriﬁed as previously reported
(Frumerie et al., 2005b). The purity of IHF was estimated to about 95%
by SDS-PAGE.
DNaseI footprint
The WΦ Pe-Pc region was ampliﬁed from plasmid pEE927 using
primers pUC18 for3 and pUC18 rev3. The PCR product was puriﬁed by
gel extraction using QIAEX II (Qiagen) and then 5′ end-labeledwith [γ-
32P] ATP. To enable top and bottom strand labeling, the DNA was
digested with EcoRI or HindIII followed by puriﬁcation with QIAquick
PCR Puriﬁcation kit (Qiagen).15 ng (0.078 pmol) of DNAwas incubatedfor 20 min at 30 °C with 70–120 ng (7–12 pmol) WΦ Cox. The binding
reaction was performed in 25 mM Tris–HCl (pH 8.0), 50 mM KCl,
6.25 mM MgCl2, 0.5 mM EDTA, 10% glycerol and 0.5 mM DTT in a
volume of 50 μl. Before adding DNaseI, 50 μl of room temperature
5 mM CaCl2/10 mM MgCl2 solution was added and the reaction was
left for 1 min at room temperature. 0.225 U (bottom strand reactions)
or 0.15 U (top strand reactions) of RQ1 RNase-Free DNase I (Promega),
diluted in ice cold Tris–HCl (pH 8.0), was added. After 2 min at room
temperature, reactions were stopped by the addition of stop solution
(200 mM NaCl, 30 mM EDTA, 1% SDS, 100 μg/ml yeast tRNA). Reaction
mixtures were puriﬁed using QIAquick Nucleotide Removal kit
(Qiagen) and ethanol-precipitated before being dissolved in loading
solution and loaded on a 6% polyacrylamide, 7 M urea sequencing gel.
The gel was dried prior to autoradiography.
Electromobility shift assays
The WΦ Pe-Pc region was ampliﬁed from plasmid pEE905 using
primers WΦ-8R and WΦ-9L and the attP region was ampliﬁed from
plasmid pEE928 using primers WΦ-12R and WΦ-12L (see pEE928).
The WΦ attL region was ampliﬁed from the WΦ lysogenic strain C-
1920 using primers WΦ-Int Xba and K12coreL Bam, generating a 540
nt long fragment (Fig. 4C lanes 6–10) or WΦ−core For and WΦ-12L,
generating a 210 nt long fragment (Fig. 4C, lanes 18–35). The WΦ attR
region was ampliﬁed from strain C-1920 using primers K-12coreR
Hind and WΦ-12R Pst. The PCR fragments were puriﬁed by gel
extraction using QIAEX II (Qiagen), 5′ end-labeled with [γ-32P] ATP
(GE Healthcare), and puriﬁed usingMicroSpin™G-25 HR columns (GE
Healthcare). About 4 ng (≈0.027 pmol) of the Pe-Pc-containing
fragment, ≈0.013 pmol of attP, ≈0.015 pmol of attR, ≈0.009 pmol of
the long attL fragment (Fig. 4C lanes 6–10), and ≈0.03 pmol of the
short attL fragment (Fig. 4C, lanes 18–35) were incubated for 20min at
30 °C with different amounts of puriﬁed WΦ Cox and/or Int in a ﬁnal
volume of 20 μl, including 4 μl of 5× Binding Buffer (60 mM Hepes–
NaOH pH 7.7, 60% glycerol, 20 mM Tris–HCl pH 7.9, 300 mMKCl, 5 mM
EDTA, 0.05 mg/ml poly dI/dC, 0.3 mg/ml BSA, 5 mM DTT). Concentra-
tions of proteins are given in the ﬁgure legends. The binding reactions
were immediately loaded on a 5% non-denaturing polyacrylamide gel
(29:1) and run in 0.5× TBE on awater-cooled Protean II xi Cell (BioRad)
at 20 mA. Gels were dried prior to phosphorimager analysis.
In vitro recombination assay
The excisive recombination assay was performed as described
previously (Yu and Haggård-Ljungquist, 1993). A linear WΦ attL-
containing fragment was ampliﬁed by PCR using primer K12coreL
Bam, complementary to the host chromosome, and WΦ-int Xba,
complementary to the int gene, and DNA from the WΦ lysogenic
strain, C-1920 as substrate. The fragment was labeled with 32P at its 5′
end and incubated with supercoiled plasmid pEE943, containing the
attR site of WΦ, and the respective protein at 37 °C for 2 h.
Concentrations of proteins used are given in the ﬁgure legend. After
incubation, the sample was treated with Proteinase K and analyzed by
electrophoresis on a 1% agarose gel. The gel was dried prior to
phosphorimager analysis.
Excisive recombination was also performed with an unlabeled attL
fragment. After incubation, a PCR reaction was performed with
primers WΦ-12R Pst and WΦ-int Xba that should only generate an
attB fragment of 766 nt if recombination occurs.
Circular permutation assay
PCR fragments containing the P2 cox-boxes or the Pe-Pc region of
WΦ and the tandemly repeated restriction sites originating from the
pBend2 vector located on either side of the cloned inserts, were made
from plasmids pEE742-748 and pEE926, using primers pBR322 EcoRI
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Wizard PCR Preps (Promega) and the WΦ PCR fragment was puriﬁed
using QIAquick PCR Puriﬁcation kit (Qiagen). PCR fragments were
subsequently cleaved with various restriction enzymes to generate
DNA fragments of equal lengths where the DNA binding sites of the P2
or WΦ Cox proteins were at different positions relative to the
fragment ends. Cleaved fragments were separated on a 2% agarose gel
in TBE buffer, gel-extracted using Qiaquick gel extraction kit (Qiagen),
dephosphorylatedwith Calf Intestinal Alkaline Phosphatase or Shrimp
Alkaline Phosphatase, and labeled with [γ-32P] ATP. The labeled
fragments were puriﬁed using MicroSpin™ S-200 HR columns or
MicroSpin™ G-25 HR columns (GE Healthcare).
End-labeled fragments were incubated with the respective
puriﬁed Cox protein, and gel retardation assays were performed as
described previously (Yu and Haggård-Ljungquist, 1993). 21 ng
(2.1 pmol) of P2 Cox was used to shift 15 ng (0.11 pmol) of DNA. The
assayswithWΦ Coxwere performed as described in the section above
using 4 ng (0.03 pmol) of DNA and 15 ng (1.5 pmol) of puriﬁed WΦ
Cox. Binding reactions were immediately loaded on a pre-run 5% non-
denaturing polyacrylamide gel (29:1) and electrophoresed in a water-
cooled Protean II xi Cell (BioRad) at 20 mA. Gels were dried prior to
autoradiography or phosphorimager analysis. Bending angles were
calculated by applying the experimental data from 8% polyacrylamide
gel electrophoresis to the formula μM/μE=cos α /2, where μM is the
complex with the lowest mobility, μE is the complex with the highest
mobility, and α is the bending angle (Tompson and Landy, 1988).
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